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ADDENDUM

NACATM 22’7’7

EFFECTSOF COMPRR3SIBIIZPYONTHEPERFORMM?CE
OF TWOEULL-SCALEBELICOl?lERROTORS

ByPaulJ. Carpenter

January1951

Becauseof inquiriesconcerningthedataof figure 7,theI?ACA
wishestopointoutthattheangleofattackpresentedinthisfigure
shouldbe measured,as is customaryin helicopteranalysis, fromthe
angleof zero lift ratherthanfromtheairfoilchordline.
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NATIONALADVISORYCOMMITTEEFORAERONAUTICS

TECHNICALNOTE2277

EFFECTSOFCOMPRESSIBILITYON THEPERFORMMKE

OFTWOFULL-SCALEHELICOPTERROTORS

By PaulJ. Carpenter

SUMMARY

An investigationhasbeenconductedontheLangleyhelicoptertest
towerto determineexperimentallytheeffectsof compressibilityonthe
performanceandbladepitchingmomentsoftwofull-scalehelicopter
rotors.Twosetsof rotorbladesweretestedwhichdifferedonlyin
thatthebladesof onesetincorporated-8°of lineartwist,whereas
thebladesoftheothersetwereuntwisted.Thetestscovereda range
oftipspeedsfrom.350to 770feetpersecondanda rangeofpitchangles
from0° to thelimitimposedby extremevibration.

Theresultsshowthattheprtisryeffectof compressibilitywasa
P rapidincreaseintheprofile-dragtorquecoefficientoncethecritical

combinationof tipspeedandtipangleof attackwasexceeded.The
resultsalsoshowthattheonsetof compressibilitylossescanbe pre-
dictedW usinztwo-dimensionalsectiondataandthatneKativeblades twist(w&houtTiseffective
lossesandinreducingthese

Thesignificanceof the

indelayingtheonsetof compressibility
lossesoncetheyaredeveloped.

INTRODUCTION

effectof compressibilityontheperformance
amdbladepitchingmomentsof a helicopterrotorhasbeenemphasizedby
designstudiesofhigh-speedhelicopters,helicopterswithM@ disk
loadings,andconvertibleaircraft,allofwhichrequirehighertipspeeds
thanarenowingeneraluse. Althoughsomeinformationis availableon
thedecreaseinperformanceof airplanepropellersdueto compressibility
losses,whentheresultanttipspeedsapproachthevelocityof sound,
theinformationisnotaltogetherapplicableinthatairfoilssuitable
forpropellersareriotusuallyemployedinhelicopterrotorblades.
Consequentlyjverylittleexperimentaldataareavailableon thecharac-
teristicsof a practical-constructionfull-scalehelicopterrotoroperating.
intheregioninwhichcompressibilityeffectsoccur.Compressibility
lossesareexpectedto occurbothinhoveringandforwardflightsndmay
leadto rotorvibrationand“lossof controlin additionto theexpected

.

.
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decreaseinperformance.
hoveringwouldtherefore

NACATN221’7

●

A knowledgeofthe.,compressibilitylossesin
providea limitedbasisforpredictionofthe ..—

compres~ibilitylossesto-beexpectedinforward.flight. 4–

It isnecessaryto determinewhethertheonsetof compressibility
lossessignificantlyreducesrotorefficiencybeforetheoperating
limitationduetovibrationor lossof controlisreached.It isalso .
of interestto checkforthehoveringconditiontheonsetofblade
stallinglosses,aswasdonefortheforwerd-flightconditionreported
inreference1. Inorderto differentiatethebladestalllossesfrom ‘ ‘-”’
thecompressibilityeffects,thestalllossesshouldbe determinedat :?
lowtipspeeds. -.:..

Accordingly,an initialinvestigationtoobtaincompressibilityand
stalldatahasbeenconductedon theLangleyhelicoptertesttower.
Twistedanduntwistedrotorbladesweretestedfora tip-speedrangefrom

.

350to 770feetpersecond.
-.. .

SYMBOLS .._

R

b

c

r

Ce

-..bladeradius,feet

numberofblades

bladesectionchord,feet

radialdistancetobladeelementjfeet

equivalentbladechord,feet”

()

k

f
R r2dr
o .

x ratioofblade-elementradiustorotor-bladeradius(r/R)

~ rotorsolidity(bee/fiR)’

ax solidityof a bladeelementatradialdistancex (bc/fiR)

P densityofair,slugspercubicfgot —

T rotorthrust,pounds, .

Q rotor-shafttorque,pound-feet
“*
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Mb measuredrotor-bladepitchingmoment,positiveformoment
tendingto increasebladepitch;pound-feet

%a~ ‘ bladepitchingmomentaboutbladeaerodynamiccenter(measured
~ minusprcductof centrifugal-forcecomponentperpendicular
tobladespanaxisandrearwarddisplacementof choFdwise
centerof gravityofbladefromaero~amiccenter,assumed
tobe 0.24cforNACA23015airfoflsection),pound-feet

n rotorsngularvelocity,radianspersecond

CT rotor-thrustcoefficient(T/If#p(~R)2)

CQ rotor-shaft~torque coefficient(Q/fiR2P(.QR)2R)(+~;v.
c(& rotor-shaftprofile-dragtorquecoefficient

,,,

‘%c rotor-bladepitching-momentcoefficientaboutaerodynamiccenter, \
(%ac/~(QR)2ceR)

a slopeof curveof section
angleof attack(radian

e blade-sectionpitchangle
radians .

liftcoefficientagainstsection
measure),assumedtobe 5.73

measuredfromlineof zerolift,

@ inflowangleofbladeelement,radians

APPARATUSANDTESTME?I’EODS

TheinvestigationwasconductedontheLangleyhelicoptertest
towerdescribedinreference2. Twosetsof three-bladerotorswere
tegtedwhichdifferedonlyinthatthebladesof onesetincorporated

\ -8 (washout)of lineartwist,whereastheQladesof theothersetwere
untwisted.Thebladeswereplywood-coveredandhada radiusof20 feet,
a solidityof0.038,anNACA23015airfoilsectionthroughoutwithO.1°
reflexat thetrailingedge,anda chordwisecenterof gravitYapproxi-
mately0.2inchbehindthelow-speedaero~smiccenter.Theseblades
werechosenbecauseof theiravailabilityandbecausecompressibility
lossescouldbe studiedat lowertipspeedsfromthemthanforblades
havingthinnerairfoilsections.In addition,thebladesalloweda

*“ comparisonwithforward-flightdatainasmuchasthesearethesameblades
thatwerereportedon inreference1. Thebladesdifferedsomewhatfrom
thetrueairfoilsectionasregardsleading-edgeshapesndthickness,

w“ althoughallflatareasanddepressionswerefairedsmoothwithfiller.
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Therefinishedbladesareconsideredrepresentativeof smoothandWel-1-- .
..

builtconstruction.A pl~-formviewof orieofthebladestestedis
showninfigure1. w

Alldatawereobtainedforthehoveringcondition(windvelocity
lessthan3mph)fora rangeoftipspeedsfrom350to 770feetper
second(rotorspeedof167to368rprn)and.fora rangeofpitchangles
from0°to thelimitimpgsedby extremevibration.Thetestconditions
werechosento exceedthepointof onsetofthecompressibilitylosses
inorderto establishtheirrateof increaseoncethecombinationof
angleof attackandtipspeedexceededthatvalueatwhichdragdivergence
occurs.

METHODOFANALYSIS

Inorderto comparethedatawiththeavailablerotorperformance
theorywhichintentionallymakesno correctionforcompresrsibllityeffects
or stallinglosses,thepartofthepoweratfebtedby theselosseshad
tobe Isolated.A studyoftheproblemindicatesthattheprofile-drag

T

powerandhencetheprofile-dragtorquecoefficient“C% wouldbe chief~”
affected.A convenientmethodofmakingthecomparisonwiththeoryis
to referthemeasuredprofile-drag”torquecoefficientto thatpredicted
by thetheoryandtoplottheresultingpr&file-dragtorqueratios

*,

(C%)measured
(C%)theoretical

as a ficactionofthecalculatedblade-tipangleof -1

attackfortherangeoftipspeedsinvestigated.Thedatawereplotted
againstcalculatedtipangleofattackinasuchasthetipsectionangle
of attackandtipspeedarean indexofthe.compressibilitylosses.

. .

Themeasuredrotorprofile-drag-torquecoefficientsweredetermined
by subtractinga calculatedinducedtorquecoefficient(asdeterminedby

—

themethodof reference3)fromthemeasuredtorque,coefficient.Inasmuch
as reference3 doesnotallowforanytiplossincalculatinginduced

-.-=

torquecoefficient,forthisinvestigationtheradiusoftheblsdewas
decreasedby halfthetipchordforthrustcalculations.Thedecrease
inbladeradiusamountsto approximatelya 3-percentreductioninrotor-
thrustcoefficientat a givenbladeangle.“Thetheoreticalprofile-drag : _
torquecoefficientsweredeterminedfromtheminimummeasuredtorque —
coefficientwhichwasincreasedas a functionof rotor-thrustcoefficient
asgiveninreference~. Therotor-blade-tipanglesofattackWere ,

.—

determinedby subtractinga calculatedinflowangle @ ,fr6mthemeasured --
collectivepitch 8 andtheknowntwist.“Thevaluesof e were

.

corrected“fortwistdueto aerodynamicendmassforcesand“representthe
.
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pitchatthe0..75-radiusstation.Theinflowangleswerecalculated
thefollowingrelationshipgivenin reference3:

Themeasuredbladepitchingnmmentconsistsoftheaerodynamic
momentandthemassmomentsdueto chordwisecenter-of-gravityposition
relativeto theaerodynamiccenterandchordwisemassdistribution.
Sincetheaerodynamicmomentsabouttheaerodynamiccenter(assumedto
be 0.24chord)aretheonesconsideredsignificant,onl~thesevalues
arepresentedherein.Forpurposesofthisstudy,thepresenceor the
absenceof abruptchangesofpitching-momentslopesis consideredmore
importantthanthe“actualvalues.Thesevalueswereobtainedto a
sufficientde~ee of accuracyforpresentpurposesby subtractingfrom
themeasuredmomenta massnmmentequalto theproductoftheblade “

u

i

centrifugal-forcecomponentperpendicularto the
the
the

and
tip

rearwarddisplacementof thebladechordwise
aerodynamiccenter.

RESULTSANDDISCUSSION

bladespsnaxisand
centerof gravityfrom

Figures2 snd3 showthebasichoveringperformanceoftheuntwisted
the-8°lineartwistrotorblades,respectively,fortherange of
speedsfrom350to 7’70feetpersecond.Itis interestingto note

that8°ofwashoutdecreasedthepowerrequiredat operatingthrust
coefficientsby about3percentat normaltipspeeds(350to 42ofps)as
hasbeenpr-edictedby thetheoryof reference3. At highertipspeeds,
twistiseffectiveindelayingtheonsetofcompressibilitylosses.In
general,therotorwithtwistedbladescanoperateatabout0.0005
greaterthrustcoefficientfora giventipspeedbeforeencountering
compressibilitylosses.Thisincreasein CT correspondsto a tip
speedthat.isabout70 feetpersecondfasterthanthetipspeedfor
theuntwistedsetbeforethedragriseoccursforoperationat fixed

.r

thrustcoefficient.Whenoperatingintheregionof compressibility
losses,thetwistedrotorbladesrequiredlesspowerforthessmethrust
coefficient.Forexample,foranextremeoperatingcondition(CT= 0.004 -
anda tipspeedof ~0 fps)thetwistedbladesrequiredapproximately
85 percentofthetotalpowerrequiredby theuntwistedblades.

Thedividinglinebetweenstallinglossessndcompressibilitylosses
isnotclearlydefinedbythedatasnditispossiblethatsomecombination!
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oftipangleofattackandtipspeedincur”bothstallingandcompressi-
bilitylosses.Ingeneral,however,“stallinglossesarepredominfit~~
thelow-tip-speedrangeathighanglesofattackandcompressibility
lossesarepredominantatthehighertipspeedsandloweranglesof
attack.Forpurposesof clarity,thestallandcompressibilitylosses
willbe discussedseparately.

Stalllosses.-Figures4 and5 presenttheratiosof (C%)measured

‘0 (C%)theoretical(fortheuntwistedand-twistedblades,respectively)

plottedagainstcalculatedtipangleof attackfortherangeoftip
speedsmeasured.Theresultsindicatethattheratiosofprofile-drag””
coefficientsareclosetounityfortipspeedsfrom350to 420feetper
secondandcalculatedtipanglesofattackbelow12°,sinceneither
stallnorcompressibilitylossesarepresent.Theanglesof attackat
whichstalllossesstat (about12°)inhoveringshowgoodagreement
withtheanglesof attackmeasuredinforward-flightconditionsreported
inreference1 forthesamesetsofblades.At-thelowtipspeeds,as
thetipangleof attackisincreasedabove12°,theincreasingblade
stallresultsinlargerprofile-draglosses.!At atip ~gle ofattack
of16°2thehoveringexperimentalprofiledragisover3.5timesthat=
calculatedwithoutconsiderationofbladestalling”losses;where~s,for
theforward-flightcondition,wherestalliuo’ccursonlYononesideof
therotordisk,a valueof2 timesthecalculatedprofile-draglossis
notedfromreference1.

Compressibilitylosses~-Thecurvesrepresentingthehighertip
speedsineitherfigure or 5 showthecriticalcombinationoftipspeed
andtipangleof attackatwhichcompressibilitylossesarefirst
encounteredandtherateof increaseoftheselosseswithincreasingtip
angleof attack.In general,oncethecriticalcombinationoftipspeed
andtipangleof attackisexceeded,theratioofmeasuredto theoretical
profile-dragtorquecoefficient,approximatetl.ydoublesforem increasein
tipangleof attackof2°. It isinterestingto notethattheratesof
increaseofthecompressibilitylossesinhoveringareapproxtiately
equalto therateof increaseofthestalllossesinhovering.Since
thecalculatedanglesof attackatwhichstalloccursarethesamein
bothhoveringandforwardflight,theonsetof compressibilitylosses
canreasonablybe assumed(intheabsenceof specif’icinformation)to
occuratthesame“combinationsoftipanglesof at~tackandresultanttip
speedatwhichthecompressibility lo-es werenotedin hoveriw

Therateof growthoftheforward-flightcompressibilitylosseswill
varywithflightconditions.Examinationoftheproblem,however,
suggeststhattherateofgrowthmayliebetweentherateof growt,hof
stallinglossesinfo~ardflightandtheTateofgrowthofcompressi-
bilitylossesinhovering. .
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Acomparisonof figures4 and5 showsthatthetwistedblades
appearto encountercompressibilitylossesatcalculatedtipsnglesof

,
●

attackfrom0.5°to 1.5°lessthantheuntwistedblades,although,after
thelossesarefullyestablished,themagnitudesofthelossesfora
givenangleof attackarealmostidenticalforbothsetsofblades.If
thisdifferencewerereliable,itwouldindicatethattheinitialdelay
inthedragrise,whichcanbe achievedby twist,is lessthanwouldbe
hopedfor. Theexactdeterminationof thepointofonsetof compressi-
bilitylossesrequiredanunusuallyhighdegreeof accuracy,however,
andthisapparentdifferencemaybe dueto an accumulationoffactors
includingthestraight-lineextrapolationofthecurvesof figures4
and5 to determinethepointofonsetof compressibilitylossesandthe
possibledifferencebetweenthepractical-constructionbladesused.

Theeffectoftipspeedon C2y/ffsnd C%c atthreerepresentative

collectivepitchsettingsof 8°,E!”,and16°(measuredat O.~R) for
boththetwistedanduntwistedrotorbladesis showninfigure6. The
curvesshowthatthetipspeedhasalmostno effecton thethrust-
coefficient- solidityratio(whichisdirectlypropofiionaltamean
rotorliftcoefficient)foreithersetofrotorblades.Thebladeaero-
dynamicpitching-momentcoefficientshowsonlya smallvariationfor
bothsetsofbladesovertherangeoftipspeedsandpitchsettingspre-
sented.Thisresultisin agreementwithresultsof sectiondata(refer-
ence4)whichindicatethatthedivergenceofthepitching-momentcurve
isdelayedbeyondthedrag-divergencepoint.Forcertaincombinations
of highpitchsettingsandhightipspeeds,,therewereindicationsthat
stillmoreextremeoperatingconditionsmightresultinlsrgenegative
pitching-momentcoefficients.

Comparisonwithtwo-dimensionaldata.-Theproblemofpredicting
thetipMachnumberandtipangleof attackatwhichthedragriseoccurs

.

fora helicopterrotorbladewouldbe considerablysimplifi~if reason-
ableagreementcouldbe obtainedwithtwo-dtiensionaldata.Accordingly,
thedrag-divergencetipMachnuniberandtipangleof attackforthetwo
setsofbladesarecomparedin figure7withsometwo-dimensionaldata
fromreference4. Therotordatashowgoodagreementwithtwo-dimensional
data. Propellerdatahaveshownthedrag-divergencetipMachnumberto
be about0.06abovethetwo-dhnensionalresults(reference5). A similar
trendis shownforthecaseofthehelicopterrotor.Theincrement
appearstobe somewhatlessthan0.06;thisfactisnotsurprisingin
viewofthecontourimperfectionspresent.At thehigheranglesof
attack,however,thebladeshavea lowercriticalspeedthanthetwo-
dimensionalresults.Thisconditionisprobablycausedby a combination
of compressibilitysndbladestallinglossessinceblsdestallingstarts
onthebladesectionatsinglesofattackof about120jwhereasanaccurate
two-dimensionalsectiondoesnotbeginto stalluntilan angleof attack
of approximately16°isreached.Theagreementof thesectiondatawith
therotor-bladedatafortheairfoilusedprovidesa basisforestimating
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therotorcharacteristicsforcasesinwhichotherairfoilsareused.
Forexample,withthethinnersectionswhichmightbeusedinhigh-speed
designs,thedrag-divergence&ch numberwouldbe increased,although
thegeneralshapeofthecurveofdragdivergenceagainstangleof attack
wouldbe expectedto remainthesame.

A preliminarystudyalso.indic,atesthattherateof growthof the
rotorprofile-draglosses,followingdragdivergence,canbe approxi-
matedby calculations basedontwo-dimensionalsectiondata.

Operatinglimitations.-Itis significwtthattheonsetof com-
pressibilitylossesappreciablyreducedtherotorefficiencybeforeany
evidenceof operatinglimitationsduetovibrationor lossof control
wasnoted.Forthelowtipspeeds,thelimitingvibrationandlossof
controloccurredwhenthetipangleofattackexceededby approxi-

#

mately40theangleatwhichtheonsetoftheprofile-dragriseoccurs
owingto stall.Thelimitationsduetovibrationwereconsideredreached

)

\ ##thetesttowerwhentherandom(apparentlyaerodynamic)oscillations
t’, approachedanamplitudewhichshookthewholetesttower.Limiting10SS

,)!!.:1., of controlwasreachedatthepointwhentherotorwaswe~.intothe...

\:
\& [

stallregionandtherotor-tip-pathplanecogldnotbe contro~edaPPr~ci-
ablyby applyingcyclicpitch.Forhighertipspeedsno lossof contwl

O.wasapparent,buta limitingl-per-rotor-revolutionoscillation,which
appearedto result

Theeffectof
characteristicsof
determinedfortwo

from”anout-of-trackconaition,occurred.

CONCLUSIONS

compressibilityandblade“stallingon
full-scalehelicopterrotorshasbeen

thehovering
experimentally

setsofblades.Thetwosetsofbladeshadsimilar
planforms,solidifies,andairfoilsectionsanddifferedonlyinthat
onerotorhaduntwistedblades,whereastheotherrotorhd blades
with-8°of lineartwist.Fromthedataobtained,thefollowingcon-
clusionsmaybe drawn:

1.Theprimaryeffectof compressibilitywasa rapidincreasein .
theprofile-dragtorquecoefficientoncethgcriticalcombinationof t~p
angleof attackandtipspeedwasexceeded.”Themeanrotorliftcoef-
ficientandbladeaerodynamicpitching-momentcoefficientshowedonly
a smallvariationovertherangeoftipspeeds. --

2. Negativebladetwistwas,effectiveindelayingthe‘onsetof
compressibilitylossesandwaseffectiveinreducingtheselossesonce
theyweredeveloped.Forexample,thetwistedsetofbladesrequired
15percetitlesstotalpowerthan.theuntwistedset-fora-tip-speed-‘- ‘-
of770feetpersecondanda rotor-thrustcoefficientof 0.004.

.
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3.A comparisonofrotorexperimentalresultswithtwo-dimensional
resultsofdrag-divergencelbchnumberagainstangleofattackshowed

6 goodagreement.

k.Theonsetof compressibilitylossesappreciablyreducedthe
rotorefficiencybeforeanyevidenceofoperatinglimitationsdueto
vibrationor lossof controlwasnoted.

5.Thestallinglossesforthelow-tip-speedregionbeganata tip
angleof attackof about12°. Thisresultisapproximatelywhatwould
be expected~orthepractical-constructionairfoilusedandis ingood
agreementwithresultsobtainedwiththesamerotorbladesforforward-
flightconditions.

6.Forthelowtipspeeds(350to 42ofps),thepowerrequiredfor
a givent&ust coefficientwasabout3 percentles”sfortheblades
having-8 oftwistthanfortheUntwist+dbladesashasbeenpredicted
by thetheoryofNACATN 1542.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,November16,1950
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Figure4.-Ratiosofmeasuredtotheoreticalprofile-dragtorque
coefficientsfortheunlxdstedrotorbladesatvariouscalculated
tipanglesofattack.
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